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Summary
Background: Enteroendocrine cells populate gastrointestinal
tissues and are known to translate local cues into systemic
responses through the release of hormones into the
bloodstream.
Results: Here we report a novel function of enteroendocrine
cells acting as local regulators of intestinal stem cell (ISC) pro-
liferation through modulation of the mesenchymal stem cell
niche in the Drosophila midgut. This paracrine signaling acts
to constrain ISC proliferation within the epithelial compart-
ment. Mechanistically, midgut enteroendocrine cells secrete
the neuroendocrine hormone Bursicon, which acts—beyond
its known roles in development—as a paracrine factor on the
visceral muscle (VM). Bursicon binding to its receptor,
DLGR2, the ortholog of mammalian leucine-rich repeat-con-
taining G protein-coupled receptors (LGR4-6), represses the
production of the VM-derived EGF-like growth factor Vein
through activation of cAMP.
Conclusions: We therefore identify a novel paradigm in the
regulation of ISC quiescence involving the conserved ligand/
receptor Bursicon/DLGR2 and a previously unrecognized
tissue-intrinsic role of enteroendocrine cells.Introduction
The epithelium of the Drosophila adult midgut is replenished
by dedicated stem cells [1, 2]. Intestinal stem cells (ISCs)
proliferate to self-renew and give rise to an undifferentiated
progenitor—the enteroblast—which differentiates into spe-
cialized enteroendocrine cells and enterocytes. While en-
terocytes and enteroblasts have been directly involved in the
regulation of midgut homeostasis [3, 4], a local role of enter-
oendocrine cells within this tissue remains unknown. In mam-
mals, the current evidence implicates enteroendocrine cells as
neuroendocrine cells, which provide systemic signals by
releasing hormones into the circulation [5].
Mammalian leucine-rich repeat-containing G protein-
coupled receptors (LGRs) have emerged as central players in
stem cell biology in the recent years. LGR5 is a stem cell
marker in the intestine, skin, and stomach, whereas LGR6
labels stem cells in the skin and LGR4 has broader expression3Co-first author
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creativecommons.org/licenses/by-nc-nd/3.0/).domains [6]. However, their biological role remains largely
unknown. The current evidence indicates that LGRs act as
agonists of canonicalWnt signalingwithin epithelia to promote
proliferation and stem cell maintenance [6]. Paradoxically,
growing evidence correlates loss of function mutations in
LGR receptors with cancer development [7–10].
Drosophila LGR2 (DLGR2), encoded by the rickets (rk) gene,
represents the single ortholog ofmammalian LGR4, LGR5, and
LGR6. DLGR2 is activated by its only described ligand, the
tanning hormone Bursicon [11, 12]. Described functions
of Bursicon and DLGR2 are restricted to developmental
processes such the regulation of postmolting cuticle expan-
sion and hardening, as well as wing maturation after eclosion
[11, 13].
In this study, we report a local, tissue-autonomous role
of the midgut enteroendocrine cells in the control of ISC
quiescence during homeostatic conditions. This paracrine
mechanism is mediated by the expression of Bursicon in
enteroendocrine cells, activating its receptor, DLGR2, which
is expressed in the visceral muscle (VM), leading to increased
cyclic AMP (cAMP) levels and restrained expression of the
epidermal growth factor (EGF)-like growth factor Vein. Our
results demonstrate a novel paradigm in the regulation of adult
intestinal homeostasis involving a tissue-intrinsic role of
enteroendocrine cells, which may apply to multiple stem cell
systems.
Results
DLGR2 Is Expressed in the Adult Midgut Visceral Muscle
Consistent with their developmental role, Bursicon andDLGR2
are highly expressed in the pupal and adult molts [13]. How-
ever, our recently developed rkpan-gal4 reporter [14] revealed
rk expression within the VM of pupal and adult midguts (Fig-
ures 1A and 1B and Figure S1B available online). DLGR2
expression within the VM was confirmed with a reporter for
the VM-derived EGF-like ligand vein [15] (Figure 1B) and a
GFP trap for viking/Collagen IV (Figure S1F). Additionally, a
rkpan-gal4-driven lineage tracing system [16] (see the Experi-
mental Procedures) labeled VM cells only, even after 30 days
of adult life tracing (Figure S1A). Quantitative RT-PCR (qRT-
PCR) from whole mature adult midguts confirmed detectable
dlgr2/rk transcript expression (Figure 1C), suggesting that
DLGR2 could have a role in adult midgut homeostasis. Impor-
tantly, VM-targeted knockdown of rk by RNAi (howts>dlgr2-IR
and mef2>dlgr2-IR) resulted in decreased transcript levels in
adult midguts (Figure 1C). Altogether, our evidence suggests
that rk is expressed by the VM that surrounds the midgut
epithelium. Since the VM is an important component of the
Drosophila ISC niche [17, 18], we next investigated the func-
tional role of DLGR2 in the adult midgut.
Loss of DLGR2 or Its Ligand Bursicon Function Results in
Intestinal Hyperproliferation
The posterior Drosophila midgut grows during the first 5 days
of adult life, after which it enters homeostasis, characterized
by slow cell turnover and relative quiescence of the
ISCs [19]. We examined posterior midguts from control and
Figure 1. rk/dlgr2 Is Expressed in the VM and Directs Stem Cell Quiescence
(A) Confocal projection of an adult rkpan>RedStingermidgut. The different segments of the gut are labeled. The boxed area represents the region imaged for
all experiments unless otherwise indicated. Phalloidin (green) labels F-actin. Unless otherwise noted, DAPI (blue) labels all cell nuclei. (A0) shows the
RedStinger signal as an inverted grayscale image. The inset shows a representative confocal section displaying both longitudinal and circular
RedStinger+ VM nuclei (arrowheads). Scale bar, 200 mm.
(B) Confocal longitudinal cross-section from a rkpan>RedStinger; vein-LacZmidgut. Arrows point to a line of VM nuclei double labeledwith rkpan>RedStinger
(red) and vein-LacZ (green). Scale bar, 20 mm.
(legend continued on next page)
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Figure 2. rk/dlgr2 from the VM Is Required to
Drive Stem Cell Quiescence in the Adult
Drosophila Midgut
(A) Quantification of ISC proliferation in posterior
midguts from animals subject to knockdown of
dlgr2 from the VM (howts>dlgr2-IR) and coex-
pressing dlgr2-IR and a dlgr2 rescue transgene
(howts>dlgr2-IR; dlgr2).
(B) Hematoxylin and eosin (H&E) staining of
paraffin-embedded sections from 14-day-old
posterior midguts as in (A). Note the hypercellu-
larity and epithelial multilayering in dlgr2 knock-
down midguts. Scale bar, 20 mm.
(C) Representative confocal projections of adult
midguts from rk animals with (right) and without
(left) overexpression of dlgr2 in the VM and
stained for pH3 (red; arrows). Scale bar, 20 mm.
(D) Quantification of ISC proliferation in posterior
midguts from animals as in (C). dlgr2 overexpres-
sion under the rk domain (rkpan>dlgr2) or within
the VM (howts>dlgr2) rescued the hyperprolifera-
tive phenotype of rk midguts.
(E) MARCM control or rk mitotic clones (GFP
labeled; outlined) in posterior midguts with the
indicated genotypes. The number of cells in
each representative clone is indicated. TC, sin-
gle-cell transient clone. Scale bar, 20 mm.
(F) Quantification of the number of cells per clone
in posterior midguts of the indicated genotypes.
Clonal size distribution is presented as a dot
plot with the mean clonal size 6SEM indicated
in red. N.S., not statistically significant.
See also Figure S1.
Enteroendocrine Control of Intestinal Homeostasis
1201loss-of-function rk mutants at 10–14 days of adult life. Unlike
controls, rk mutant midguts displayed ISC hyperproliferation
(Figures 1D and 1E), increased cellularity (Figure 1F), and
epithelial multilayering (Figure S1C and Movies S2 and S3).
We also noted that rk midguts displayed increased number
of Delta+ ISCs (Figures 1G and 1I), which was confirmed by a
marked transcriptional upregulation of delta (Figure 1H). The
increase in the number of ISCs in rk midguts is likely due to
an enhanced rate of symmetric ISC division. However, that
did not occur at the expense of the differentiated populations
since the fraction of Delta+ cells remained unchanged (Fig-
ure 1J) and cell differentiation appeared to be unaffected
(data not shown). Importantly, our results indicate that
DLGR2 is required to restrain ISC proliferation.
To comprehensively assess the functional domain of DLGR2
in the midgut, we next selectively knocked down dlgr2 from
the VM of adult animals. Adult VM knockdown of rk using(C) qRT-PCR for rk/dlgr2mRNA levels relative to rp49 from control midguts or m
gal4 (bottom).
(D) Representative confocal projections of wild-type (WT) control and rk adult
(E) Quantification of ISC proliferation in the posterior midguts as in (D). In this
independent experiments is shown; data are presented as average values 6 S
(F) Quantification of the total number of DAPI-stained cells per projected unit
(G) Anti-Delta immunostaining (red and gray) in WT control or rkmutant adult m
Scale bar, 20 mm.
(H) Whole-midgut qRT-PCR for delta transcript levels relative to rp49 from WT
(I) Quantification of the total number of Delta+ cells per field.
(J) Percentage of Delta+ cells calculated over the total number of cells per proje
of the higher number of total Delta+ cells per field in rk midguts, the increase in
centage of Delta+ cells.
See also Figure S1 and Movie S2.two independent RNAi lines (howts>dlgr2-IR1 and howts>
dlgr2-IR2) phenocopied the ISC hyperproliferation and epithe-
lial multilayering observed in whole rkmidgutswithout causing
developmental defects (Figures 2A, 2B, and S1G). Further-
more, overexpression of a UAS-rkRA/dlgr2 transgene in rk
mutant animals using the rkpan-gal4 driver (rkpan>dlgr2)
rescued the developmental [14] and adult midgut phenotypes
of rk animals (Figures 2D and S1G). As expected, overexpres-
sion of the rescue transgene within the adult VM increased
dlgr2 mRNA in the midgut (Figure S1E). Importantly, while
this overexpression did not modify developmental defects of
rk animals, it restored ISC quiescence in dlgr2-IR and rk mid-
guts (Figures 2A, 2C, 2D, and S1G). Finally, clones of rk cells
generated within the intestinal epithelium showed no signifi-
cant differences in cell number when compared with control
clones (Figure 2E and 2F). Taken together, these results indi-
cate that ISC hyperproliferation in rk midguts is due to lossidguts expressing rk/dlgr2RNAi in the adult VM by how-gal4ts (top) ormef2-
midguts stained for pH3 (red; arrows). Scale bar, 20 mm.
and the subsequent pH3 quantification experiments, data from at least two
EM. p values are indicated in each panel.
of area (cellularity) in WT controls and rk mutant midguts.
idguts. Note the increased number of Delta+ cells per field in the rkmutants.
and rk animals.
cted confocal field in midguts of the indicated genotypes. Note that, in spite
total cellularity in the mutants yielded no significant differences in the per-
Figure 3. Bursicon Drives Adult Midgut Stem Cell Quiescence
(A) burs mutant midguts stained with anti-Delta (red) and anti-pH3 (green; arrows). Scale bar, 20 mm.
(B) Quantification of ISC proliferation in posterior midguts from animals of the indicated genotypes.
(C) H&E staining of paraffin-embedded sections and from posterior midguts of the indicated genotypes. Scale bar, 20 mm.
(D) Confocal transversal sections from posterior midguts of the indicated genotypes. DAPI (blue) and Phalloidin (green) label nuclei and Actin filaments,
respectively. Scale bar, 20 mm.
(legend continued on next page)
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developmental defects associated to rk loss.
We next addressed the functional role of the DLGR2 ligand,
Bursicon [12], in the adult midgut. In the posterior midgut, burs
loss-of-function mutations fully phenocopied the effects of rk
mutants (Figures 3A–3H and Movie S4). Furthermore, burs
midguts displayed significant expansion of the stem and/or
progenitor cell population, as visualized by the ISC and/or en-
teroblast reporter esg>GFP [2] (Figures 3I and 3J).
Bursicon/DLGR2 Activates cAMP Signaling in the Visceral
Muscle
During development, Bursicon binding to DLGR2 results in
increases in cAMP [13]. To test whether Bursicon can regulate
DLGR2 activity in the VM, we performed ex vivo cAMP live
imaging in posterior midguts using the previously described
yellow fluorescent protein (YFP)/cyan fluorescent protein
(CFP) fluorescence resonance energy transfer (FRET) sensor
UAS-Epac1-camps [20], which we expressed within the VM
(how>Epac1). Treatment with native Bursicon purified from
Carcinus maenas [21] or hemolymph extracted from freshly
eclosed wild-type adults, which contain high titers of Bursicon
[22], increased cAMP in the VM in a DLGR2-dependentmanner
(Figures 4A–4D, S2 andMovie S1). Moreover, hemolymph from
freshly eclosed bursmutants did not increase cAMP readouts
(Figures 4C and S2D). As expected, addition of the adenylyl
cyclase activator Forskolin [20] significantly increased cAMP
levels independently of DLGR2 (Figures 4C, 4D, S2B, and
S2F). Altogether, these results indicate that DLGR2 acts as a
receptor for Bursicon in the visceral muscle, leading to the pro-
duction of cAMP.
To examine for functional effects of suppressing cAMP
signaling, we overexpressed the dunce cAMP phosphodies-
terase [14] or a dominant-negative form of cAMP-dependent
protein kinase A (PKAinh) [23] in the VM of adult midguts.
Indeed, both transgenes—expected to disrupt the second
messenger pathway downstream of DLGR2—reproduced the
effects of rk loss-of-function mutations or dlgr2 VM knock-
down, leading to ISC hyperproliferation (Figures 4E and 4F).
Bursicon from the CNS Is Not Involved in Intestinal
Homeostasis
Bursicon’s known expression domain corresponds to a small
subset of neurons within the CNS of newly eclosed animals
[22] (Figures 5A and S3A). Importantly, we confirmed burs
expression in whole midguts [5, 24], which in mature adults
(10–14 days old) showed transcript levels comparable to those
observed in the CNS from late-stage pupae (Figure 5B). CNS-
derived Bursicon is responsible for hormone-dependent post-
molting events [22]. However, Burs+ neurons apoptose soon
after adult maturation [22], and Burs expression in the CNS
is undetectable during the stages at which the midgut pheno-
type becomes evident (Figures S3B and S3C). Consistently,
specific knockdown of burs using a CNS-restricted bursicon-(E) Quantification of the total number of DAPI-stained cells per projected unit
(F) Whole-midgut qRT-PCR for delta transcript levels relative to rp49 from WT
(G) Quantification of the total number of Delta+ cells per field.
(H) Percentage of Delta+ cells calculated over the total number of cells per proj
the increase in total cellularity in burs mutants yielded no significant differenc
(I)bursmutantmidguts combinedwith the ISC and/or enteroblast reporter esg>
control midguts. Scale bar, 20 mm.
(J) Quantification of the percentage of esg>GFP+ cells in WT controls and bur
See also Movie S4.gal4 driver [22] reduced burs expression in the CNS but not
in the midgut (Figures 5A and 5B). This brain-restricted Burs
reduction recapitulated rk and burs developmental defects,
but it did not affect midgut homeostasis (Figures 5C–5F), sug-
gesting that the adult midgut phenotype is not dependent on
Burs expression in the CNS.
Enteroendocrine Cell-Derived Burs Regulate ISC
Proliferation in the Adult Midgut
We next assessed Burs protein expression in the adult midgut
by immunofluorescence using a previously described anti-
body [12, 23] (Figures 6A–6C and S3D). Burs+ population
within the posterior midgut belonged to a subset of diploid
cells distinct from the esg+ progenitor population (Figure 6A).
Costaining with anti-Prospero antibody, which specifically
labels all enteroendocrine cells in the midgut, confirmed that
Burs+ cells represented approximately 50% of the enteroen-
docrine cells in the posterior midgut (n > 150 Prospero+ cells;
Figures 6B and 6C).
To directly address the local impact of Burs secretion from
enteroendocrine cells, we searched for a gal4 driver that would
reliably label enteroendocrine cells. voila`-gal4, which has a
gal4 encoding P element transposon inserted within the pros-
pero locus [25], labeled all Prospero+ enteroendocrine cells in
the adult midgut (Irene Miguel-Aliaga, personal communica-
tion; Figure 6D). voila`-gal4-expressing cells in the CNS from
newly eclosed animals do not overlap with Bursicon-express-
ing neurons (Figure S3A). Nevertheless, we used temperature-
regulated voila`-gal4ts to knock down Burs after adult eclosion
and maturation and therefore exclude any possible effect on
burs CNS expression from eclosing animals. The knockdown
of Burs within enteroendocrine cells from adult midguts
(voila`ts>burs-IR) resulted in midgut-specific downregulation
of burs transcript (Figure 6E) with nondetectable develop-
mental phenotype in adult animals (Figure 6F). Adult voila`ts>
burs-IR midguts displayed ISC hyperproliferation and cell
multilayering phenotypes, which phenocopied burs mutants
(Figures 6G–6I). Altogether, these data indicate that ISC hyper-
proliferation in burs midguts is independent from Bursicon’s
role in the CNS and is primarily due to intrinsic gene function
within adult midgut enteroendocrine cells.
Bursicon Levels in theMidgut AreRegulated duringAnimal
Lifespan
Midguts from young growing or aging animals are character-
ized by relatively high ISC proliferation [17, 19]. Interestingly,
such young or old proliferating midguts showed lower levels
of burs mRNA when compared to midguts from mature
homeostatic animals, which are relatively quiescent (Fig-
ure 6J). The fraction of enteroendocrine-expressing Burs
did not change significantly during the normal lifespan
(50.6% in 3-day-old [n = 150] and 43.7% in 30-day-old [n =
57] animals). These results suggest that, while the number
of enteroendocrine cells expressing burs is rather constant,of area (cellularity) in WT controls and burs mutant midguts.
and burs animals.
ected confocal field in midguts of the indicated genotypes. As in rkmidguts,
es in the percentage of Delta+ cells.
GFP. bursmidguts displayed increased number of esg>GFP+ cells relative to
s midguts.
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Figure 4. Bursicon Increases VM cAMP via DLGR2
(A–D) Time-lapse FLIM-FRET of Epac1-camps biosensor activation in the VM.
(A) The first (t0) and last (t30) frames from Movie S1 are shown. The color scale represents levels of cAMP (blue, low; red, high).
(B–D) The different treatments were quantified, and midguts were imaged over the indicated time frame (see the Experimental Procedures). Increases in the
fluorescence lifetime indicate increases in cAMP content. Each time point represents the mean from three biological repeats; each quantified in five regions
per field shown in Figure S2. Treatment with purified Carcinus maenas Bursicon (B), Forskolin (positive control), and WT, but not bursz5569 hemolymph (C),
increased cAMP concentration within the VM. The effect of purified Bursicon and WT hemolymph was prevented by dlgr2 knockdown (D). p values from a
two-way ANOVA with Bonferroni correction are shown.
(E) Representative confocal projections of adult midguts with the indicated genotypes stained for pH3 (red).
(F) Quantification of ISC proliferation in the posterior midguts from animals of the indicated genotypes. Note the hyperproliferation ofmidguts expressing the
cAMP phosphodiesterase dunce or the dominant-negative form of PKA within the rk domain.
See also Figure S2.
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burs expression in the midgut negatively correlated with its
proliferative state during normal lifespan (Figure 6J). To
further test Bursicon’s functional relevance in regulating ISCproliferation, we overexpressed burs in the enteroendocrine
cells (voila`ts>burs; Figures S3E and S3G) and examined
the effect of this manipulation on ISC proliferation. Midguts
coexpressing burs and burs-IR in enteroendocrine cells
AB C
D D’
E F
Figure 5. Bursicon from the CNS Does Not Affect
Adult Midgut Defects
(A) A burs-gal4 driver recapitulates Burs expression in
the CNS of newly eclosed adult, as shownwith double
labeling of Burs (red) and bursG4>eGFP (green). Scale
bar, 50 mm.
(B) qRT-PCR for levels of burs transcript relative to
rp49 from heads and midguts from burs>+ (controls)
or burs>burs-IR animals. Note that burs expression
was high in the heads from dark pupae and in the
midguts from mature (10- to 14-day-old) adults. burs
levels were very low in the heads from mature adults.
burs-gal4-driven RNAi for burs effectively knocked
down burs in the heads of dark pupae, but not in the
midguts from mature adults.
(C) Adult fly micrographs from control (burs>
RedStinger) and burs>burs-IR animals. Note the
wing inflation defects (arrow) in the lower panel, char-
acteristic of burs mutants. Scale bar, 1mm.
(D and E) Representative confocal images of 10- to 14-
day-old midguts from animals with the reported
burs>RedStinger (D; control) and burs>burs-IR (E).
Note that the burs-gal4 line did not drive expression
in the posterior midgut (D0) or any other gut segment
(data not shown). Arrows label pH3+ cells (green).
Scale bar, 50 mm.
(F) Quantification of the number of pH3+ cells in poste-
rior midguts as in (D) and (E).
See also Figure S3.
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1205(voila`ts>burs-IR; burs) displayed suppressed ISC hyperprolif-
eration (Figure 6H). Remarkably, in direct contrast to the
burs loss-of-function phenotype, overexpression of burssuppressed ISC proliferation in both young
growing and aging midguts (Figures 6K–
6M). We did not observe changes in burs
transcript levels upon nutrient starvation
(data not shown) or enterocyte damage
induced via pathogenic infection with
Pseudomonas entomophila (Pe) (Fig-
ure S4E). These results suggest that burs
expression is not regulated upon acute
stress. Nevertheless, overexpression of
burs suppressed ISC proliferation upon
damage of the intestinal epithelium by
pathogenic infection with Pe (Figure S4).
Altogether, the age-dependent modulation
of burs levels and the gain-of-function
results further support Bursicon’s role
driving homeostatic ISC quiescence in the
adult Drosophila midgut.
Burs/DLGR2/cAMP Signaling Regulates
Niche-Derived Growth Factor Vein
We next examined the underlying mo-
lecular mechanisms involved in Burs/
DLGR2-mediated control of ISC prolifera-
tion. We took a candidate-based approach
and looked at potential cell-autonomous
targets of Burs/DLGR2 in the midgut.
Therefore, we analyzed transcript levels
of VM-derived factors wnt/wingless (wg),
unpaired (upd), and egf/vein (vn) [15, 18,
19, 26, 27]. qRT-PCR from whole burs,
rk, and howts>dlgr2-IR adult midgutsrevealed 3- to 4-fold upregulation of the EGF-like ligand
vn, which was confirmed with a vn-LacZ genetic reporter
(Figures 7A–7D).
A B C
D E
F G H
I J K
L
M
Figure 6. Burs Produced by Enteroendocrine Cells Directs Adult Midgut Stem Cell Quiescence
(A) Confocal projection of a posterior adult midgut stained with anti-Burs (red). esg>GFP (green) labels ISCs and/or enteroblasts. Scale bar, 20 mm.
(B) Adult posterior midgut stained with anti-Burs (red) and anti-Prospero (green). White and yellow arrows highlight Prospero+/Burs+ and Prospero+/Burs2
cells, respectively. Scale bar, 20 mm.
(legend continued on next page)
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in the VM is sufficient to drive ISC hyperproliferation [15, 18,
27]. Moreover, we confirmed that 3- to 4-fold upregulation of
vn in the VM, which was obtained by a weak expression of
howts>vn at 22C, was sufficient to phenocopy the ISC hyper-
proliferation of rk and burs midguts (Figures S5A and S5B).
Our results indicated that Burs/DLGR2 signal via cAMP in
the VM. Consistently, the adult VM overexpression of dunce
or PKAinh displayed increased vn expression (Figure 7E).
Vein/EGFR Mediates ISCs Proliferation Downstream of
Burs/DLGR2
Given the connection between Burs/DLGR2/cAMP signaling
and Vn production in the VM, we next addressed the functional
dependency of the ISC hyperproliferation phenotype of rk and
burs mutants on Vn/EGFR signaling. Reduction of vn by
different genetic loss-of-function mutant combinations, or
VM-selective knockdown of vein by RNAi suppressed ISC
hyperproliferation in rk- and burs-deficient midguts (Figures
7F, 7G, and S5C). Furthermore, burs midguts either hetero-
zygous for a loss-of-function allele of EGFR (EFGRtop1) or over-
expressing a dominant-negative form of EGFR within stem
and/or progenitor cells (esgts>EGFRDN) displayed a signifi-
cantly suppressed ISC hyperproliferation (Figures 7H and
S5D). Together, these results indicate that Burs/DLGR2/
cAMP signaling directs ISC quiescence in homeostatic mid-
guts, at least in part by downregulating vn expression within
the VM and therefore suppressing EGFR signaling activation
in ISCs (Figure 7I).
Discussion
Bursicon Acts in Adult Midgut Homeostasis
Bursicon, also known as the tanning hormone, has been stud-
ied for decades due its essential role as the last hormone in the
cascade of Ecdysis [13]. In all invertebrate metazoa, this endo-
crine cascade is fundamental to coordinate molting events
during animal lifetime, and in holometabolous insects, such
as Drosophila, it control metamorphosis. Fly gene expression
data [5, 24] suggest that the endocrine hormones and their
cognate receptors involved in key stages of development
may have other roles during adult animal life. However, these
functional roles are largely unknown. Our study is the first to
demonstrate a role of Bursicon beyond development.
We postulate a model (Figure 7I) in which Bursicon from
enteroendocrine cells in the posterior midgut acts through
DLGR2 to increase the production of cAMP within the VM, a(C) High-magnification transverse confocal section depicting a Prospero+/Burs
left. Scale bar, 20 mm.
(D) voila`-gal4 labels all enteroendocrine cells in the adultDrosophilamidgut: vo
enteroendocrine cells stained with anti-Prospero (green; middle). Colocalizatio
(E) qRT-PCR for levels ofburs transcript relative to rp49 from heads ormidguts f
was knocked down in midguts, but not in heads.
(F) voila`ts>burs-IR animals did not display developmental defects.
(G) voila`ts>burs-IR animals displayed midgut ISC hyperproliferation as shown
(H) Quantification of ISC proliferation in midguts from the indicated genotypes
(I) H&E staining of paraffin-embedded sections from 10-day-old posterior midg
layering in burs knockdown midguts. Scale bar, 20 mm.
(J) qRT-PCR for burs transcript levels relative to rp49 from whole midguts of W
(K and L) Quantification of ISC proliferation in posterior midguts from animals o
crine cells via voila`ts-gal4 suppressed ISC proliferation of 3-day-old growing (K
(M) Posterior midguts from 30-day-old adults as in (L) stained with anti-pH3 (re
Scale bar, 20 mm.
See also Figures S3 and S4.mesenchymal ISC niche. This signaling limits the production
of niche-derived, EGF-like Vein, leading to ISC quiescence.
We detected Burs protein expression via immunolabeling in
approximately 50% of the enteroendocrine cells of the poste-
rior midgut, which appeared in stochastic spatial distribution
within the most posterior segment of the adult midgut [28,
29]. Given that the percentage of enteroendocrine cells
expressing Burs remained constant, it is likely that Burs
expression might label a subtype of enteroendocrine cells
within the midgut.
Our evidence indicates that burs mRNA levels are up-
regulated in the midgut during the phase of relative ISC quies-
cence in mature animals under homeostatic conditions.
Conversely, during the phase of growth of the young immature
gut or the dysplastic phase of the aging gut—both character-
ized by relative high rates of ISC proliferation—burs levels
were relatively low, and burs overexpression was sufficient
to suppress ISC proliferation. Therefore, our results provide
the first demonstration of a tissue-intrinsic role of entero-
endocrine cells, which drives homeostatic stem cell quies-
cence in the adult Drosophila midgut. Future studies should
further characterize the upstream mechanisms controlling
Burs production in the midgut, which might be linked to the
yet undefined events involved in the regulation of overall tissue
size and proliferation.
Enteroendocrine Cells as Modulators of the Stem Cell
Niche
Enteroendocrine cells are well known for their ability to
mediate interorgan communication via hormone secretion
into the bloodstream [5, 24]. Our results demonstrate a novel,
local role for enteroendocrine cells as paracrine regulators of
stem cell proliferation. Such a mechanism could be phyloge-
netically conserved and take place in the mammalian intestine
and other tissues of the gastrointestinal tract. This may there-
fore represent an unappreciated but yet important function of
these cells beyond their conventional endocrine role.
LGR Receptors as Inhibitors of Stem Cell Proliferation
Mammalian LGRs are thought to drive ISC proliferation acting
as receptors for the Wnt agonists R-spondins [30], which are
unrelated to Bursicon and absent in the fly genome. Accord-
ingly, we did not detect changes in either Wg levels or
signaling in burs or rk mutant midguts (Figure S6).
Unexpectedly for a Wnt agonists and positive regulators of
ISC proliferation, recent studies suggest that LGRs can act
as tumor suppressors in colorectal cancer [7–9]. Moreover,+ cell. The apical-basal axis of the epithelium (arrow) is oriented from right to
ila`-gal4-driven RedStinger (red; right) recapitulates the expression pattern of
n between both markers is shown in yellow (left). Scale bar, 50 mm.
rom voila`ts>+ (controls) or voila`ts>burs-IR animals. Note that burs expression
by anti-pH3 staining (red; arrows).
.
uts of the indicated genotypes. Note the hypercellularity and epithelial multi-
T animals of the indicated ages. Note the age-dependent regulation of burs.
f the indicated genotypes and ages. Overexpression of Burs in enteroendo-
) and 30-day-old aging (L) midguts.
d). Note the reduced number of pH3+ cells in burs overexpressing midguts.
Figure 7. Vn and EGFR Mediate ISC Hyperproliferation in rk and burs Midguts
(A) qRT-PCR for wg, upd, and vn transcripts levels relative to rp49 from WT, rk1, and bursz5569 whole midguts.
(B) vn expression in 10- to 14-day-old WT and rk mutant midguts visualized with a vn-LacZ reporter. Scale bar, 40 mm.
(legend continued on next page)
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1209mammalian LGRs have also been shown to be activated by
alternative ligands [31] and promote cAMP signaling after the
binding of yet unknown ligand(s) [32, 33]. Therefore, it is likely
that an unidentified functional homolog of Bursiconmay act as
an additional LGR ligand in mammals, driving ISC quiescence
by regulating mitogenic signals from the surrounding niche as
described here. Remarkably, DLGR2 shows closer sequence
homology to the still poorly characterized LGR4 [34] (Fig-
ure S5F), which—consistent with our Drosophila data—is
expressed by the murine intestinal smooth-muscle layers
[35] and can signal via cAMP production [32, 33]. Consistent
with our model, a recent study correlates loss-of-function
mutations in LGR4 with multiple types of human epithelial
carcinomas [10]. Therefore, our results uncovered a novel
biological role for LGRs, which is likely to impact mammalian
stem cell research by providing a mechanistic framework for
the so far correlative mammalian evidence toward a potential
role of LGRs as tumor suppressor genes.
Altogether, our results demonstrate a novel paradigm in the
regulation of intestinal homeostasis involving the conserved
ligand/receptor Bursicon/DLGR2 and a previously unrecog-
nized tissue-intrinsic role of enteroendocrine cells, which
may provide insights into other stem cell based systems.
Experimental Procedures
Fly Husbandry
Flies were maintained on standard molasses medium in 12 hr light-dark
cycles. Adults of the desired genotypes were collected within 24–72 hr of
eclosion and then switched to the desired temperature. Food was changed
every 2 days. Only female flieswere used in this study. Crosses were done at
25C except when using the TARGET system [36], which involves temporal
regulation of Gal4 activity by temperature-sensitive Gal80 (Gal80ts).
Experimental Conditions
Unless otherwise indicated, adults of the desired experimental genotypes
were aged for 10–14 days at 25C.
Animals carrying UAS transgenes under the control of the TARGET
system [36] were incubated to develop at 18C and shifted after adult matu-
ration (4–24 hr after eclosion) to 29C, for 3, 10–14, or 30 days depending on
the experiment and as specified in each figure and corresponding figure
legend. When not specified, the incubation time was 10–14 days.
Fly Stocks
Further information on Drosophila genes and stocks are available from
FlyBase (http://flybase.org/). The stock w1118 (Bloomington #6326) was
used as control strain.
The following fly stocks lines were obtained from the Vienna Drosophila
RNAi Center (VDRC) and the Bloomington Stock Center:
w; cn, bw, rk1 (Bloomington #3589)
w; rk4 (Bloomington #3590)
UAS-RedStinger (Bloomington #8547)
G-trace (Bloomington #28281)
Vn[10567] (Vn-LacZ) (Bloomington #11749)
Vn[1] (Bloomington #7292)
Actin5C-gal4 (Bloomington #4414)
UAS-burs-IR (VDRC #102204/kk)
UAS-dlgr2-IR1 (VDRC #904/GD)(C) qRT-PCR for vn transcripts levels relative to rp49 in control midguts (howts
(D) vn-LacZ expression in howts>+ and howts>dlgr2-IR midguts.
(E) qRT-PCR for relative vn transcripts levels in whole midguts with impaired cA
the VM.
(F–H) Quantification of the number of pH3+ cells per posterior midgut from the
rk-deficient (F) and burs-deficient (G) midguts. Similarly, reduction in EGFR su
(I) Bursicon secreted from enteroendocrine cells binds its receptor DLGR2 exp
Vn/EGF, and ISC quiescence.
See also Figures S5 and S6.UAS-dlgr2-IR2 (VDRC #105360/kk)
UAS-vein RNAi (VDRC #109437/kk)
The following lines were previously described:
rkpangal4 [14]
bursz5569 [37]
bursz1091 [37]
voila`-gal4 [25]
how-gal4 [38]
mef2-gal4 [19]
UAS-dunce [39]
UAS-PKAinh [40]
UAS-EGFRDN (a kind gift from M. Freeman)
EGFRtop1 (a kind gift from M. Mlodzik)DLGR2 and Burs Transgene Constructs
cDNA fragments encoding full-length dlgr2RA and burs gene products
were cloned into the pUAST vector. Sequenced constructs were injected
into w2/2 embryos using standard P element transformation technique.
RNA Extraction and qRT-PCR
Total RNA was extracted using standard TRIZOL method or RNAeasy mini
kit (QIAGEN) followed by DNase treatment (QIAGEN). cDNA synthesis was
performed with the High-Capacity cDNA reverse transcription kit (Applied
Biosystems), and MAXIMA SYBR GREEN Master Mix (Fermentas) was
used for qPCR according to the manufacturer’s instructions. Data were ex-
tracted and analyzed using Applied Biosystems 7500 software version 2.0
and Prism GraphPad software. Expression of the target genes was
measured relative to that of RpL32 (rp49). Results represent the average
from three technical replicates for each of three independent biological rep-
licates 6SEM. Primers used can be found in Table S1.
Tissue Imaging
Immunofluorescence
Tissues were dissected in PBS and fixed for 30–90 min in 4% paraformalde-
hyde (Polysciences). Longer fixation times were efficient for Delta staining,
while pH3 staining benefited from shorter fixation. After fixation, samples
were washed three times in PBS plus 0.1% Triton X-100 (PBST) and incu-
bated in primary antibodies overnight at 4C. Samples were then washed
as described and subjected to secondary antibody staining for 2 hr at
room temperature followed by washing and mounting on Vectashield con-
taining DAPI (Vector Laboratories). Primary and secondary antibodies
were incubated in PBST plus 0.5% BSA.
Primary Antibodies
The primary antibodies used were as follows: chicken anti-GFP, 1:4,000
(Abcam); mouse anti-Delta, 1:20 (Developmental Studies Hybridoma
Bank; DSHB); mouse anti-Prospero, 1:30 (DSHB); rabbit anti-pH3 S10 and
S28, 1:100 (Cell Signaling); rabbit anti-Bursicon (a subunit), 1:250; and rabbit
anti-b-gal 1:1,000 (Cappel).
Secondary Antibodies
The secondary antibodies used were as follows: goat anti-mouse, goat
anti-chicken, or goat anti-rabbit Alexa 488, 1:200 (Invitrogen); and goat
anti-mouse or goat anti-rabbit Alexa 594, 1:100 (Invitrogen). F-Actin was
visualized with Alexa 488-Phallodin 1:500 (Invitrogen). Nuclei were counter-
stained with DAPI. Confocal images were collected using a Zeiss 710
Confocal microscope and processed with Zeiss ZEN 2010, ImageJ, or
Adobe Photoshop CS.
Histology
Whole midguts were dissected and fixed at 4C overnight using a 10%
formalin solution including 2% Toluidine Blue to improve visualization of
the midguts during the embedding and sectioning process. Tissues were>GFP) and in midguts expressing rk/dlgr2 RNAi in the VM (howts>dlgr2-IR).
MP signaling through overexpression of dunce or dominant-negative PKA in
indicated genotypes. Reduction in Vn suppressed ISC hyperproliferation in
ppressed ISC hyperproliferation in burs-deficient midguts (H).
ressed in the visceral muscle, leading to cAMP production, suppression of
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appropriately oriented. Agar-embedded tissues were further incubated in
10% formalin ON and then subjected to paraffin embedding. The paraffin
blocks were trimmed in at 10 mm until the beginnings of the orientated mid-
guts were revealed. Serial 4 mmsections of posterior midguts were then cut,
placed onto polysine slides, and stained with H&E.
Quantifications and Statistics
ISC proliferation scored by the number of pH3+ cells was restricted to the
posterior midgut as indicated by the double arrow in Figure 1A. pH3+ nuclei
where counted manually under confocal microscope.
The quantification of the total number of cells (identified by their nuclear
DAPI staining), total number of Delta+ cells, and total number of esg>GFP
cells was restricted to a consistent region of the posterior midgut, which
was imaged with a 403 objective and comprised a field of 0.04 mm2 (boxed
area in Figure 1A). The number of Delta+ cells was scored manually, while
the total number of cells and esg>GFP cells were quantified with Volocity
3D Image Analysis Software (PerkinElmer).
The data were plotted with Graphpad Prism 5 software. Results represent
average values6SEM.We used aMann-Whitney test to calculate statistical
significance. Eight to 20 posterior midguts from females only were analyzed
in each experiment. p values are indicated in each figure panel. p values
<0.05 were considered statistically significant.
Clonal Analysis
Recombinant control, rk1, and rk4 mutant clones were generated by Flp/
FRT-mediated somatic recombination using the MARCM system [41].
Crosses were maintained at 25C. Adults (3 to 5 days old) of the desired
genotypes were selected and subject to three 30 min heat shocks at 37C
in one day. Flies were then incubated at 25C, and their guts were dissected
for analysis 14 days after clonal induction. For scoring of the number of cell
per clone, clonal boundaries were determined and the number of nuclei
(stained with DAPI) inside each clone was counted. Results were plotted
with Graphpad Prism 5 software. The total distribution of clonal sizes is rep-
resented as a dot-plot graph with the mean clonal size 6SEM.
Lineage Tracing of rkpangal4
To label rkpan-gal4 expressing cells and their potential progeny, we used the
G-TRACE lineage-tracing system [16] to independently label rk-positive
cells (rkpan-gal4ts/UAS-RedStinger) and their potential progeny (rkpan-
gal4ts/UAS-Flp/Ubi>stop>eGFP) over time. If rkpan-gal4 was labeling ISCs,
we would expect to see progressive accumulation of GFP-only cells within
the midgut epithelium, corresponding to the progeny of ISCs. However, as
mentioned in themain text, we only observed double red and green VM cells
labeled, even after 30 days of tracing, and no label within the epithelial
compartment (Figure S1A).
Hemolymph Collection
A collecting device made up of a perforated 0.5 ml microtubes inside a
1.5 ml collection tube was used to extract the hemolymph from w1118 and
burz5569 flies. In brief, 10 to 15 leg- and wing-clipped newly eclosed flies
were pooled in the collection device and centrifuged at 12,000 3 g for
10 min at 4C. The cleared supernatant was recovered and maintained in
dry ice for immediate use or stored at 280C.
Native Bursicon
A lyophilized sample of HPLC-purified native Bursicon from the shore crab
Carcinus maenas [21], a kind gift from D. Webster, was suspended in Sche-
nider’s Insect media at a concentration of 300 nM. This native Bursicon
preparation is bioactive across invertebrate species and induces cuticle
tanning in flies [21].
Acquisition of Fluorescent Lifetimes of Epac1-Camps FRET Reporter
Flies of the indicated genotype were dissected in S2 medium to expose the
midgut and stretched alongside an w10 ml chamber created with double-
sided tape on a humidified glass-bottomed 35 mm tissue culture dish
(MatTek) and covered with a coverslip. Midguts were imaged on a Nikon
Eclipse TE 2000-U microscope using a 603 oil-immersion objective, a suit-
able filter block for themeasurement of CFP lifetime changes based onCFP/
YFP FRET (436/203, T455LP dichroic mirror, 480/40M), and a 445 nm inten-
sity-modulated LED for illumination. FLIM-FRET was measured by the
frequency domain method using the Lambert Instruments fluorescence
attachment (LIFA). Fluorescein solution (10 mM) in Tris-Cl (0.1 M; pH >10)
was used as reference standard with a known lifetime of 4.0 ns. Datawere acquired every minute for 30 min after the addition of 2.5 ml hemo-
lymph, 150 nM purifiedCarcinusmaenas Bursicon [21], or 2.5 ml of Forskolin
250 mM as positive control. Each treatment was performed on three biolog-
ical replicates. Data analysis was performed with FLIM software (version
1.2.12; Lambert Instruments). Reporter activity was quantified in five
different visceral muscle regions of interest (ROIs) consistent over the
acquisition time for each gut. Data from each ROI were expressed as differ-
ence to the basal lifetime and averaged over 2 min. Because these experi-
ments are defined by two parameters (time and genotype treatment), a
two-way ANOVA test with Bonferroni correction was applied for assess-
ment of statistically significant differences. p values are indicated in the cor-
responding figure panels. p values <0.05 were considered statistically
significant.
Supplemental Information
Supplemental Information includes six figures, one table, and four movies
and can be found with this article online at http://dx.doi.org/10.1016/j.
cub.2014.04.007.
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